Rapid Production of trans-Cyclooctenes in Continuous Flow by Blanco Ania, D. et al.
PDF hosted at the Radboud Repository of the Radboud University
Nijmegen
 
 
 
 
The following full text is a publisher's version.
 
 
For additional information about this publication click this link.
http://hdl.handle.net/2066/196969
 
 
 
Please be advised that this information was generated on 2019-12-04 and may be subject to
change.
 
 Article 25fa pilot End User Agreement  
This publication is distributed under the terms of Article 25fa of the Dutch Copyright Act (Auteurswet) with 
explicit consent by the author. Dutch law entitles the maker of a short scientific work funded either wholly or 
partially by Dutch public funds to make that work publicly available for no consideration following a 
reasonable period of time after the work was first published, provided that clear reference is made to the 
source of the first publication of the work.  
This publication is distributed under The Association of Universities in the Netherlands (VSNU) ‘Article 25fa 
implementation’ pilot project. In this pilot research outputs of researchers employed by Dutch Universities 
that comply with the legal requirements of Article 25fa of the Dutch Copyright Act are distributed online and 
free of cost or other barriers in institutional repositories. Research outputs are distributed six months after 
their first online publication in the original published version and with proper attribution to the source of the 
original publication.  
You are permitted to download and use the publication for personal purposes. All rights remain with the 
author(s) and/or copyrights owner(s) of this work. Any use of the publication other than authorised under this 
licence or copyright law is prohibited.  
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, 
please let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the 
material inaccessible and/or remove it from the website. Please contact the Library through email: 
copyright@ubn.ru.nl, or send a letter to:  
University Library Radboud University  
Copyright Information Point PO Box 9100 6500 HA Nijmegen  
You will be contacted as soon as possible.  
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
Rapid Production of trans-Cyclooctenes in Continuous Flow
Daniel Blanco-Ania+,[a] Luuk Maartense+,[a] and Floris P. J. T. Rutjes*[a]
A new method for rapid larger-scale production of trans-
cyclooctenes (TCOs) in continuous flow was developed: Up to
2.2 g/h of specific TCOs can be produced by using this
procedure. This method utilizes the classical photoisomerization
of cis-cyclooctenes (CCOs) for the synthesis of TCOs but
substitutes the conventionally used silver nitrate impregnated
silica gel column for a liquidliquid extraction module. In
addition, this method provides the possibility of external
addition of a substrate to scale up and speed up the production
of TCOs because the concentration of the CCO is kept constant.
This method was applied for the synthesis of several commonly
used TCOs.
1. Introduction
trans-Cyclooctenes (TCOs or E-COs)[1] have become tantalizing
targets for synthetic chemists during the last two decades
because their inherent high reactivity in HOMO-alkene con-
trolled cycloaddition reactions has sparked a large number of
applications and, therefore, their demand. The cycloaddition of
E-COs with 1,2,4,5-tetrazines in a [4+2] inverse-electron-
demand DielsAlder (IEDDA) cycloaddition2 displays exception-
ally high reaction rates (up to 3.3 106 M1 s1).[3] This favorable
cycloaddition characteristic has converted E-COs into a promis-
ing tool for bioorthogonal chemistry because fast ligation at
very high dilutions can be achieved,[4] requisite for its
application in living systems.
The IEDDA cycloaddition of E-COs has been applied in
chemoselective reactions for the rapid labeling of biological
molecules in vitro and in cells.[5] Two of the most remarkable
applications of E-COs are in the pretargeted labeling of cancer
cells[6] and in drug delivery with antibody-drug conjugates.[7]
Some derivatives of E-COs with a nucleofuge on the allylic
position can perform a “click-to-release” reaction, in which a
cargo molecule is eliminated from the E-CO molecule after
cycloaddition with the tetrazine. The “click-to-release” techni-
que has been investigated as a delivery system of bioactive
compounds or drugs (e.g., doxorubicin).[8]
Aside from applications in biomedical sciences, E-CO was
also employed to make narrowly dispersed polycyclooctene.[9]
In a nutshell, the striking number of applications of E-COs
has boosted their demand and any contribution that makes E-
COs more available is appreciated. Herein we present an
optimized method for the efficient multigram-scale synthesis of
E-COs.
2. Results and Discussion
One of the most common procedures currently used to
produce E-COs (E)-1 is by sensitized[10] photoisomerization of
the corresponding cis-cyclooctenes (Z)-1 (CCOs or Z-COs) under
ultraviolet light irradiation at a wavelength of 254 nm
(Scheme 1).[11]
A rapid equilibrium between the Z- and E-isomers is
established under these conditions in which the E-isomer is
always the minor product (10–23% of the mixture). The E/Z
ratio depends on the concentration of the sensitizer, the
concentration of the substrate, the irradiation time and the
structure of the substrate.[11d]
The most conventional sensitized photoisomerization meth-
od to produce E-COs was developed by Fox et al. in 2008.[11c]
This method produces E-COs by irradiation of a solution of the
corresponding Z-isomer and a photosensitizer in an organic
solvent (e.g., heptane) that is flushed after irradiation through a
silver nitrate impregnated silica gel column. The silver(I) ions
selectively immobilize the E-isomer on the silica gel, whereas
the remaining Z-isomer (77–90%, assuming complete scaveng-
ing of the E-isomer by the silver ions) elutes from the column
back into the photoreactor. The solution of the Z-isomer is
recycled in this way until (almost) full conversion is reached or
until the column is saturated with the E-isomer. Finally, the E-
CO is isolated by treating the silica gel with aqueous ammonia
to dissociate the E-isomer from the silver(I) ions, followed by an
extraction with an apolar solvent (e.g., heptane or pentane).
We present herewith a modification of Fox’s method in
which we have substituted the silica gel column for a
liquidliquid extraction module and with the possibility of
[a] Dr. D. Blanco-Ania,+ L. Maartense,+ Prof. F. P. J. T. Rutjes
Institute for Molecules and Materials
Radboud University
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[+] These authors contributed equally to this work.
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Scheme 1. Sensitized photoisomerization of (Z)-cyclooctenes (Z)-1 to (E)-
cyclooctenes (E)-1 under UV light irradiation (254 nm).[12]
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external addition of substrate. Not only does the addition of
substrate during the reaction permit scaling up the production
without limitations, but it also maintains a constant substrate
concentration allowing a higher output of product per unit of
time (the concentration of Z-CO in solution is otherwise lower
after every cycle and so is the production of the E-CO). We were
able to produce up to 2.2 g/h of specific E-COs with our novel
continuous flow method. A schematic representation of our
method is shown in Figure 1.
Small- and larger-scale photoreactors with similar designs
were built in-house to develop our new methodology. An
overview and a photo of the larger-scale photoreactor are
shown in Figure 2 (a scheme and a photo of the small-scale
photoreactor can be found in the Supplementary Information).
The fabricated photoreactor[13] involves a (cooled) photo-
reactor[14] (1; FEP tubing[15] (4; i.d. 2.7 mm) wound around a UV
lamp (3; wavelength of 254 nm, distance between the tubing
and the UV lamp=0.7–1.4 cm) inside a metal jacket with a
water-based cooling system) for the isomerization of Z-COs into
E-COs, and a liquidliquid extraction module (5) to physically
separate the Z-COs and E-COs. This module consists of a
customized 100 mL round-bottom flask with an extended neck
and a magnetic stirrer (a hotplate stirrer (7) provides the
required vigorous stirring). The extended neck allows both
extraction and phase separation. While the Z-COs in the organic
layer are resubjected to the photochemical isomerization by a
pump (2; from the top of the flask), the E-COs are trapped by
the silver nitrate aqueous solution and stay in the aqueous
phase in the flask (5; bottom of the flask) and are no longer
part of the continuous process. The substrate is added to the
system by a syringe pump (6) to maintain the starting
concentration.
Four of the most common Z-COs [(Z)-2–5] were selected for
their isomerization to E-COs [(E)-2–5] to proof the concept of
our new method. First, the conversion ratios as function of
irradiation time were determined by using an exposure
gradient on 100–130 mM solutions of the Z-isomers (PhCO2Me
as sensitizer) in deoxygenated heptane (Table 1; see the
Experimental Section). These results were employed to estimate
the molar output of E-CO and determine the addition rate of
substrate after isomerization. The highest conversions were
observed after 40–50 (entries 2 and 4) or 50–60 min (entries 1
and 3) of irradiation time. From these results, an irradiation
time of 20 min was applied to future experiments because the
small differences of conversion after this time would be
balanced out by the higher output of E-CO per unit of time.
The output of E-CO is determined by the volume throughput
and the conversion ratio, which are both parameters related to
the flow rate. The conversion ratio decreases with an increased
flow rate (lower irradiation time), whereas the volume through-
put increases.
Concurrently with the determination of the optimal irradi-
ation time, we observed that the separation of the isomers was
Figure 1. Schematic overview of the production of E-COs via a continuous
liquidliquid extraction with the possibility of external addition of substrate.
Figure 2. Overview and photograph of the production of E-COs by means of
a continuous liquidliquid extraction with the possibility of external addition
of substrate.
Table 1. Conversion [%] of cyclooctenes (Z)-2–5 to (E)-2–5 at different
irradiation times.[a]
Entry Substrate Time [min]
20–30 30–40 40–50 50–60
1 18.7 20.6 21.9 23.1
2 17.4 18.7 20.0 20.0
3 16.7 17.6 19.0 20.1
4 18.0 19.4 20.0 19.4
[a] Ratios of (Z)/(E)-isomers calculated by integration of the 1H NMR
resonance signals.
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efficient when the Z-COs were completely insoluble in the
aqueous silver nitrate solution and fully soluble in heptane
(cyclooctenes (Z)-4 and (Z)-5), and the E-COsilver complexes
presented the opposite behavior (cyclooctenes (E)-4 and (E)-5;
entries 3 and 4). In contrast, cyclooctenes (Z)-2 and (Z)-3 (with a
hydroxy group) were soluble enough in the aqueous phase to
thwart their separation from the E-isomers (entries 1 and 2). We
assume that there was silver complexation to the hydroxy
groups of these compounds because these products were
more soluble in the aqueous silver nitrate solution than the
pure compounds are in water.[16] The solubility of (Z)-2 was then
altered by acetylation of the hydroxy group. The synthesis of
(E)-3 entails two steps of synthesis: reduction of (Z)-3 followed
by Z/E-isomerization or vice versa; therefore the latter proce-
dure must be used when using our photoisomerization
method. Finally, cyclooctenes (Z)-4–7 (Figure 3) were chosen to
test our continuous flow photoreactors of the present study.
We commenced our study performing the first experiments
in the small-scale photoreactor (total volume: 15.5 mL; irradi-
ated volume: 10.7 mL) for 24 h. We applied the best conditions
found after further optimization: concentration of Z-CO in
deoxygenated heptane: 130 mM; concentration of PhCO2Me:
20 mM; irradiation time (254 nm): 20 min.
Nitric acid was added to the aqueous silver nitrate solution
(pH 4) to prevent the formation of a brown-black foam that
was occasionally formed at the interface between the two
phases in the extraction module.[17] Additional preventive
measures against the formation of this foam included the use
of deoxygenated solvents, an argon atmosphere and protection
of the extraction module from light with aluminum foil. The
rate of addition of substrate was determined by estimating the
E-CO output from the conversion ratios found in earlier
experiments. The remaining Z-CO and PhCO2Me were recovered
by evaporating heptane after the reaction was terminated. The
results of these experiments are summarized in Table 2.
All the experiments had almost perfect separation (>99%
E-isomer) of the E- and Z-isomers and the E-COs were obtained
in modest to good yields (48–79%; calculated from the added
amount of substrate). Chiral (Z)-4 gave a 13 :4 mixture of
diastereoisomers (E)-4a/(E)-4b in 60% yield after 16.5 h (en-
try 1). Compounds (Z)-5 and (Z)-6 gave the corresponding E-
isomers (E)-5 and (E)-6 in 48% and 79% yields, respectively
(entries 2 and 3). A white foam formed after 18–20 h at the
interface of the phases in the extraction module when perform-
ing the reaction with (Z)-5. The white foam was the (E)-5Ag(I)
complex (likely [(E)-5AgNO3])[18] according to analysis by 1H
NMR. It was hypothesized that the precipitation of this white
solid was caused by saturation of the aqueous phase with the
(E)-5Ag(I) complex, which was insoluble in heptane.[19] Lastly,
compound (Z)-7 gave a 7 :4 mixture of diastereoisomers (E)-7a/
(E)-7b in 75% yield (entry 4). All compounds were sufficiently
pure after the standard extraction with aqueous ammonia/
heptane so that further purification was not required.
With these results in hand and eager to explore the
scalability of our new method, we proceeded to test the larger-
scale photoreactor (total volume: 140 mL; irradiated volume:
105 mL) with compounds (Z)-5–7 (Table 3). First, we performed
the isomerization of (Z)-5 and (Z)-7 with an irradiation time of
20 min and without extra addition of substrate during the
experiments to check the performance of the photoreactor
(entries 1 and 2). Gratifyingly, we obtained ca. 3.5 g of (E)-5 and
the mixture (E)-7a/(E)-7b (74% yield in both cases) after 17 h.
We carried on then with the experiments with addition of
substrate. Thus, cyclooctene (Z)-5 gave product (E)-5 (5.75 g) in
93% yield in 5.5 h (entry 3). Compound (Z)-7 yielded the 7 :4
mixture of products (E)-7a and (E)-7b (4.90 g) in 57% yield also
in 5.5 h (entry 4). The starting concentration of compound (Z)-7
was higher (205 mM) than in the small-scale experiments, but
unfortunately the output of E-CO was lower probably due to
lower penetration of the UV light in the solution. To investigate
the limitations of the photoreactor, an irradiation time of 5 min
(flow rate: 21 mL/min) was used for substrates (Z)-6 and (Z)-7.
This way, we obtained 2.20 g of (E)-6 in 66% yield in the
stunning time of 1 h from (Z)-6 (entry 5) and cyclooctene (Z)-7
Figure 3. Cyclooctenes (Z)-4–7 investigated for the Z/E-isomerization.
Table 2. Z/E-Isomerization experiments (24 h) of (Z)-4–7 to (E)-4–7 in the
small-scale photoreactor.
Entry Substrate [g][a] Addition
[g][b]
Product(s) [g] Yield
[%][c]
1
0.94
2.28
1.36
60[d]
2
1.00
2.50
1.20
48
3
1.00
1.40
1.10
79
4
0.99[e]
–
0.75
75[f]
[a] Initial amount. [b] Added amount of substrate during the experiment.
[c] Based on the amount of addition of substrate. [d] The experiment ran
for 16.5 h. [e] Initial concentration was 150 mM. [f] The experiment ran for
23 h.
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gave the 7 :4 mixture of (E)-7a/(E)-7b (2.06 g) in 74% yield in
the same time (entry 6).
Finally, cyclooctenes (E)-2a/(E)-2b, (E)-3 and (E)-8 were
synthesized from (E)-7a/(E)-7b, (E)-6 and (E)-5, respectively
(Scheme 2). These hydroxy-substituted cyclooctenes present
the highest number of applications up to date. In fact, most
commercially available E-COs are derived from (E)-2a/(E)-2b.[20]
The mixture (E)-7a/(E)-7b was hydrolyzed under standard
conditions to afford the mixture (E)-2a/(E)-2b in excellent yield
(88%; Scheme 2a). The reduction of compounds (E)-6 and (E)-5
with lithium aluminum hydride afforded compounds (E)-3 and
(E)-8 in 81 and 83% yields, respectively (Scheme 2b). The
mixture (E)-2a/(E)-2b was also obtained from the mixture (E)-
7a/(E)-7b under the same reduction conditions in 84% yield.
3. Conclusions
In this study we have improved the standard method of
synthesis of E-cyclooctenes via photoisomerization of Z-cyclo-
octenes by means of replacing the silver nitrate impregnated
silica gel column with a liquidliquid extraction module. In
addition, our new process includes the possibility of adding
extra substrate during the production, allowing for scaling up
and faster production of E-COs. Our continuous flow process is
generally applicable to synthesize functionalized E-COs on
larger scale than any other known procedure. With this method
up to 2.2 g/h of specific E-COs can be produced. Two photo-
reactors were fabricated for production scales lower and higher
than 1.5 g. This methodology will certainly make E-COs more
available and might entail a reduction of their prices in the
future. Our new method is only applicable for E-COs whose Z-
counterparts are not soluble in the silver nitrate solution.
Experimental Section
Reagents were obtained from commercial suppliers and were used
without purification: Rhodium (II) acetate dimer (46% Rh, Sigma-
Aldrich), (1Z,5Z)-cycloocta-1,5-diene (COD, 99%, Sigma-Aldrich),
ethyl diazoacetate (13 wt.% in dichloromethane, Sigma-Aldrich),
peroxyacetic acid (ca. 39% in acetic acid, Sigma-Aldrich), 3-
chlorobenzeneperoxoic acid (mCPBA, 77%, Sigma-Aldrich), 2,2-
dimethoxypropane (98%, Acros), 4-methylbenzenesulfonic acid
(TsOH, 98%, Sigma-Aldrich), methyl benzoate (99%, Sigma-Aldrich),
silver nitrate (99%, Honeywell Fluka), N,N-dimethylpyridin-4-amine
(DMAP, 98%, Sigma-Aldrich). Standard syringe techniques were
applied for the transfer of dry solvents and air- or moisture-
sensitive reagents. Reactions were followed, and RF values were
obtained, using thin layer chromatography (TLC) on silica gel-
coated plates (Merck 60 F254) with the indicated solvent mixture.
Detection was performed with UV light, and/or by charring at ca.
150 8C after dipping into a solution of KMnO4. High-resolution or
accurate mass measurement (DM<3 mmu or 5 ppm) was recorded
on a JEOL AccuTOF-GCv JMS-T100GCv (GC/Electron Ionization MS,
column bleeding at high temperature used as internal mass drift
compensation standard). NMR spectra were recorded at 298 K on a
Varian Inova 400 (400 MHz), Bruker Avance III 400 MHz or Bruker
Avance III 500 MHz spectrometer in the solvent indicated. Chemical
shifts are given in parts per million (ppm) with respect to
tetramethylsilane (0.00 ppm) as internal standard for 1H NMR and
to CDCl3 (77.16 ppm) as internal standard for
13C NMR. Coupling
constants are reported as J values in hertz (Hz). 1H NMR data are
reported as follows: chemical shift (ppm), multiplicity (s= singlet,
d=doublet, t= triplet, ddd=doublet of doublet of doublets, dt=
doublet of triplets, q=quartet, dddd=doublet of doublets of
doublets of doublets, ddt=doublet of doublet of triplets, dtd=
doublet of triplet of doublets, m=multiplet, br=broad), coupling
constants (Hz) and integration. Column or flash chromatography
was carried out using ACROS silica gel (0.035–0.070 mm, and 60 A˚
pore diameter). The photoirradiation was done with a Rayonet
RMR-600 photoreactor (254 nm) with FEP tubing (i.d. 1.57 mm, o.d.
3.18 mm; distance between the tubing and the UV lamp=4.0 cm)
and a self-fabricated photoreactor consisting of a OSAGA RVS UV-C
55w pond filter with a Philips PL-L 55 W UV-C lamp (254 nm) and
FEP tubing (i.d. 2.7 mm, o.d. 3.18 mm; distance between the tubing
and the UV lamp=0.7–1.4 cm).
Table 3. Z/E-Isomerization experiments of (Z)-5–7 to (E)-5–7 in the larger-
scale photoreactor.
Entry Substrate [g][a] Time
[h]
Addition
[g][b]
Product(s) [g] Yield
[%][c]
1
4.60
17 –
3.40
74
2
4.70
17 –
3.47
74
3 (Z)-5
3.00
5.5 6.20 (E)-5
5.75
93
4 (Z)-7
5.00
5.5 8.60 (E)-7a/(E)-7b
4.90
57
5
3.00
1.0 3.36
2.20
66
6 (Z)-7
3.00
1.0 2.80 (E)-7a/(E)-7b
2.06
74
[a] Initial amount. [b] Added amount of substrate during the experiment.
[c] Based on the amount of addition of substrate.
Scheme 2. Synthesis of hydroxy E-COs (E)-2a/(E)-2b, (E)-3 and (E)-8.
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(1R,4Z,8S)-9-Oxabicyclo[6.1.0]non-4-ene ((Z)-9)
Peroxyacetic acid (59.42 g, 305 mmol; ca. 39% in acetic acid) was
added dropwise to a stirred suspension of (1Z,5Z)-cycloocta-1,5-
diene (30.00 g, 34.1 mL, 277 mmol) and Na2CO3 (117.44 g,
1.108 mol) in CH2Cl2 (400 mL) at 0 8C. The reaction mixture was
slowly warmed to 15 8C over 17 h, then filtered and washed with
CH2Cl2 (250 mL). The filtrate was washed with a saturated
aqueous solution of NaHCO3 up to neutral pH and the layers were
separated. The aqueous phase was extracted with CH2Cl2 (2
50 mL). The combined organic extracts were then washed with
brine, dried (Na2SO4), filtered and concentrated in vacuo to give the
corresponding epoxide (Z)-9 as a clear yellow oil. 1H NMR [400 MHz,
d (ppm), CDCl3]: 5.60–5.49 (m, 2 H), 3.05–2.97 (m, 2 H), 2.50–2.34
(m, 2 H), 2.19–2.06 (m, 2 H), 2.06–1.94 (m, 4 H). RF (heptane/AcOEt
19 :1): 0.31. Epoxide (Z)-9 was used for the synthesis of (Z)-2
without further purification. The 1H NMR data were in accordance
with published data.[21]
rac-(1R,4Z)-Cyclooct-4-en-1-ol ((Z)-2)
A solution of the crude of epoxide (Z)-9 in Et2O (500 mL) at 0 8C
was added dropwise to a suspension of LiAlH4 (9.45 g, 249 mmol)
in Et2O (350 mL) at 0 8C under an argon atmosphere. The reaction
mixture was then stirred at 21 8C for 17 h. The flask was then
cooled to 0 8C and the reaction mixture was quenched by slow
addition of H2O (25 mL). The reaction mixture was allowed to warm
to 21 8C and was then filtered. The filtrate was dried (Na2SO4),
filtered and concentrated in vacuo to give the corresponding
alcohol (Z)-2 as a colorless oil (21.45 g). 1H NMR [400 MHz, d (ppm),
CDCl3]: 5.69 (ddd, J=10.6, 8.3, 7.1 Hz, 1 H), 5.59 (dt, J=10.4, 7.9 Hz,
1 H), 3.81 (dddd, J=9.4, 8.3, 4.4, 1.1 Hz, 1 H), 2.35–2.23 (m, 1 H),
2.19–2.05 (m, 3 H), 1.98–1.80 (m, 2 H), 1.76–1.45 (m, 5 H). Alcohol
(Z)-2 was used for the synthesis of (Z)-7 without further purification.
The 1H NMR data were in accordance with published data.[22]
Ethyl (1R,4Z,8S,9r)-bicyclo[6.1.0]non-4-ene-9-carboxylate
((Z)-5) and ethyl (1R,4Z,8S,9s)-bicyclo[6.1.0]
non-4-ene-9-carboxylate ((Z)-6)
A solution of ethyl 2-diazoacetate (21.76 mL, 180 mmol; 13 wt.%
CH2Cl2 as stabilizer) in CH2Cl2 (140 mL) was added dropwise over
18 h to a solution of (1Z,5Z)-cycloocta-1,5-diene (107.1 g, 121.7 mL,
990 mmol; COD) and [Rh2(OAc)4] (501 mg, 1.134 mmol) in CH2Cl2
(140 mL) at 21 8C. The solution was stirred for 1 h after the addition
was completed. The rhodium catalyst was partially recovered (and
reused) by filtration over a pad of diatomaceous earth. After the
mixture was concentrated in vacuo, a large part of the excess of
COD was recovered and removed by vacuum distillation (40 mbar,
60 8C). The residue was purified by column chromatography on
silica gel (heptane/AcOEt 24 :1) to afford (Z)-5 (17.25 g, 88.8 mmol,
49%) and (Z)-6 (10.2 g, 52.6 mmol, 29%) in 78% overall yield. The
1H NMR data were in accordance with published data.[23]
(Z)-5: 1H NMR [400 MHz, d (ppm), CDCl3]: 5.68–5.59 (m, 2 H), 4.10 (q,
J=7.2 Hz, 2 H), 2.35–2.25 (m, 2 H), 2.24–2.14 (m, 2 H), 2.13–2.02 (m,
2 H), 1.61–1.53 (m, 2 H), 1.53–1.42 (m, 2 H), 1.25 (t, J=7.2 Hz, 3 H),
1.18 (t, J=4.5 Hz, 1 H). RF (heptane/AcOEt 24 :1): 0.20.
(Z)-6: 1H NMR [400 MHz, d (ppm), CDCl3]: 5.64–5.55 (m, 2 H), 4.10 (q,
J=7.1 Hz, 2 H), 2.55–2.44 (m, 2 H), 2.24–2.14 (m, 2 H), 2.09–1.98 (m,
2 H), 1.86–1.76 (m, 2 H), 1.69 (t, J=8.8 Hz, 1 H), 1.41–1.32 (m, 2 H),
1.25 (t, J=7.1 Hz, 3 H). RF (heptane/AcOEt 24 :1): 0.30.
{(1R,4Z,8S,9s)-Bicyclo[6.1.0]non-4-en-9-yl}methanol ((Z)-3)
A solution of (Z)-6 (6.00 g, 30.9 mmol) in Et2O (100 mL) was added
dropwise to a suspension of LiAlH4 (1.10 g, 29.0 mmol) in Et2O
(30 mL) at 0 8C under an argon atmosphere. This suspension was
then stirred at 21 8C for 15 min, then cooled to 0 8C, and water was
added carefully until the grey solid turned white. Sodium sulfate
(2.00 g, 14.1 mmol) was added; the solid was filtered off and
washed thoroughly with Et2O. The filtrate was concentrated in
vacuo to afford (Z)-3 (4.03 g, 26 mmol, 86%). 1H NMR [400 MHz, d
(ppm), CDCl3]: 5.69–5.58 (m, 2 H), 3.72 (d, J=7.6 Hz, 2 H), 2.42–2.30
(m, 2 H), 2.16–2.05 (m, 2 H), 2.05–1.93 (m, 2 H), 1.64–1.51 (m, 2 H),
1.41 (br s, 1 H), 1.19–1.08 (m, 1 H), 1.07–0.95 (m, 2 H). The 1H NMR
data were in accordance with published data.[24]
rac-(1R,2R,5Z)-Cyclooct-5-ene-1,2-diol ((Z)-10)
Concentrated H2SO4 (90 mg, 50 mL, 0.92 mmol) was added to a
solution of (Z)-9 (5.00 g, 40.3 mmol) in H2O (80 mL) under vigorous
stirring at 21 8C. The reaction mixture was allowed to react at 21 8C
for 7 h. The product was then extracted with Et2O (350 mL) and
then washed with a saturated aqueous solution of NaHCO3. The
organic phase was then washed with brine, dried (Na2SO4), filtered
and concentrated in vacuo to yield diol (Z)-10 as a clear colorless
oil (3.99 g, 28.1 mmol, 70%). 1H NMR [400 MHz, d (ppm), CDCl3]:
5.64–5.53 (m, 2 H), 3.71–3.61 (m, 2 H), 2.92 (br s, 2 H), 2.43–2.28 (m,
2 H), 2.19–2.04 (m, 4 H), 1.62–1.52 (m, 2 H). Diol (Z)-10 was used for
the synthesis of (Z)-4 without further purification. The 1H NMR data
were in accordance with published data.[25]
rac-(1R,4Z,8R)-10,10-Dimethyl-9,11-dioxabicyclo[6.3.0]
undec-4-ene ((Z)-4)
2,2-Dimethoxypropane (7.32 g, 8.6 mL, 70.3 mmol) and a catalytic
amount of TsOH ·H2O (16 mg, 0.084 mmol) were added to a
solution of (Z)-10 (3.99 g, 28.1 mmol) in acetone (120 mL). The
resulting reaction mixture was stirred at 21 8C for 4 h. Solid NaHCO3
(1.61 g, 19.1 mmol) was added and the mixture was stirred for
30 min. The mixture was then filtered through a pad of silica gel
and the filtrate was concentrated in vacuo. The residue was purified
by column chromatography on silica gel (heptane/AcOEt 19 :1) to
afford acetal (Z)-4 as a colorless oil (4.12 g, 22.6 mmol, 80%). 1H
NMR [400 MHz, d (ppm), CDCl3]: 5.63–5.53 (m, 2 H), 3.91–3.81 (m,
2 H), 2.24–2.13 (m, 2 H), 2.13–1.99 (m, 4 H), 1.47–1.36 (m, 2 H), 1.30
(s, 6 H). The 1H NMR data were in accordance with published
data.[26]
rac-(1R,4Z)-Cyclooct-4-en-1-yl acetate ((Z)-7)
Triethylamine (84.09 g, 115.8 mL, 831 mmol) and DMAP (1.00 g,
8.19 mmol) were added to a solution of alcohol (Z)-2 in dry CH2Cl2
(400 mL) at 0 8C. The mixture was stirred for 15 min, then Ac2O
(127.25 g, 117.8 mL, 1.248 mol) was slowly added and the mixture
was warmed to 21 8C. The solution turned from clear yellow to red-
brownish after stirring for 17 h. The reaction mixture was cooled to
0 8C and was quenched by slow addition of H2O (175 mL). The
phases were separated and the organic phase was washed with
brine, dried (Na2SO4), filtered and concentrated in vacuo to afford a
crude product (34.02 g). The residue was purified by column
chromatography on silica gel (heptane/AcOEt 9 :1) to afford acetate
(Z)-7 as a clear yellow oil (19.30 g, 115 mmol, 41% after three
steps). 1H NMR [400 MHz, d (ppm), CDCl3]: 5.66 (ddd, J=10.6, 8.3,
6.6 Hz, 1 H), 5.59 (dt, J=10.5, 7.6 Hz, 1 H), 4.79 (dddd, J=9.8, 8.5,
4.4, 1.0 Hz, 1 H), 2.30 (dddd, J=14.5, 10.7, 8.3, 4.0 Hz, 1 H), 2.18–
2.02 (m, 3 H), 1.98 (s, 3 H), 1.91–1.76 (m, 2 H), 1.73–1.64 (m, 1 H),
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1.62–1.50 (m, 3 H). The 1H NMR data were in accordance with
published data.[27]
General Procedure for the Optimization of the Irradiation
Time
A solution of the substrate (130 mM) and methyl benzoate (26 mM)
in deoxygenated heptane was pumped into the photoreactor with
an irradiation time of 55 min. The output was collected in fractions;
the first fraction had a full exposure of 55 min. Next, only the
irradiation was terminated and the vial with the substrate was
replaced with a vial only with heptane. A fraction was collected
every 5 min. Each fraction represents an irradiation time interval of
5 min. Conversion ratios for each fraction were determined by 1H
NMR.
General Procedure for the Photochemical Isomerization in
the Small-Scale Photoreactor
The tubing of the photoreactor (total volume: 15.5 mL, irradiated
volume: 10.7 mL) was filled with deoxygenated heptane (15.5 mL)
after rinsing it with deoxygenated heptane. A solution of the
substrate (5.15 mmol) and methyl benzoate (140 mg, 129 mL,
1.029 mmol, 0.2 equiv) in deoxygenated heptane (25 mL) was
added to a solution of silver nitrate (3.50 g, 20.6 mmol, 4.0 equiv) in
a 0.1 mM nitric acid solution in water (80 mL) in the 50 mL
extraction module. The inlet tube of the pump was placed at the
top of the organic phase; the outlet tube of the reactor was placed
just above the stirring magnet in the aqueous phase.
The organic phase was pumped through the entire system for
about five cycles without irradiation while argon was bubbled
through the extraction module. The irradiation was done at a
wavelength of 254 nm and the irradiation time was set to 20 min
(flow rate: 0.540 mL/min). A syringe pump added pure substrate to
the system after the irradiation and before entering the extraction
module to maintain the concentration of the substrate in the
organic phase. The addition rate was determined by the estimated
generation of E-CO: YE-CO (mg/min) with equation (1). The photo-
reactor ran between 18 and 24 h for several experiments.
YECO ¼ QECO  CZCO  vflow M ð1Þ
QE-CO= ratio of E-CO conversion; CZ-CO= initial concentration of
substrate (mmol/mL); vflow= flow rate (mL/min); M=molar mass
(mg/mmol). After isomerization, the aqueous silver nitrate solution
(1 equiv) was separated with a separatory funnel and washed with
two portions of heptane (225 vol.%). Heptane and aqueous
ammonia (4 equiv) were added to the aqueous phase (50 vol.%) to
extract the product. The organic phase was washed with water (2
25 vol.%), dried (Na2SO4) and concentrated in vacuo to afford the
product in pure condition most of the times.
rac-(1R,4E,4M,8R)-10,10-dimethyl-9,11-dioxabicyclo[6.3.0]
undec-4-ene ((E)-4a) and
rac-(1R,4E,4P,8R)-10,10-dimethyl-9,11-dioxabicyclo[6.3.0]
undec-4-ene ((E)-4b)
The isomerization of compound (Z)-4 (0.94 g, 5.15 mmol), as
described in the general procedure with an irradiation time of
20 min, afforded a 13 :4 mixture of diastereoisomers (E)-4a/(E)-4b
(1360 mg, 7.47 mmol, 60%) in 16.5 h with addition of substrate
(2.28 g, 12.51 mmol). The major product was partly separated by
column chromatography (heptane/AcOEt 32 :1). Both 1H and 13C
NMR data were in accordance with published data.11c
(E)-4a: 1H NMR [500 MHz, d (ppm), CDCl3]: 5.43–5.34 (m, 2 H), 3.72–
3.65 (m, 2 H), 2.31–2.24 (m, 2 H), 2.24–2.14 (m, 4 H), 1.77–1.64 (m,
2 H), 1.29 (s, 6 H). 13C NMR [126 MHz, d (ppm), CDCl3]: 133.0, 106.4,
84.4, 38.2, 31.6, 26.6.
rac-Ethyl (1R,4E,4P,8S,9r)-bicyclo[6.1.0]
non-4-ene-9-carboxylate ((E)-5)
The isomerization of compound (Z)-5 (1.00 g, 5.15 mmol), as
described in the general procedure with an irradiation time of
20 min, afforded compound (E)-5 (1.20 g, 6.18 mmol, 48%) in 24 h
with addition of substrate (2.50 g, 12.88 mmol). 1H NMR [500 MHz,
d (ppm), CDCl3]: 5.85 (ddd, J=16.8, 9.4, 6.2 Hz, 1 H), 5.12 (dddd, J=
16.9, 10.6, 3.9, 1.2 Hz, 1 H), 4.07 (q, J=7.2 Hz, 2 H), 2.41–2.33 (m,
1 H), 2.31–2.16 (m, 3 H), 2.00–1.87 (m, 2 H), 1.29–1.20 (m, 1 H), 1.22
(t, J=7.2 Hz, 3 H), 1.13 (ddt, J=11.7, 9.5, 4.9 Hz, 1 H), 0.90 (t, J=
5.2 Hz, 1 H), 0.95–0.81 (m, 1 H), 0.59 (dddd, J=14.1, 12.8, 11.7,
2.5 Hz, 1 H). 13C NMR [126 MHz, d (ppm), CDCl3]: 174.7, 138.1, 131.6,
60.4, 38.0, 33.4, 32.0, 27.33, 27.28, 26.9, 25.9, 14.3. The 1H NMR data
were in accordance with published data.[28]
(E)-5Ag(I) complex
White precipitate formed at the interface when performing the
photoisomerization of compound (Z)-5. 1H NMR [400 MHz, d (ppm),
CDCl3]: 6.06 (ddd, J=16.8, 9.1, 6.2 Hz, 1 H), 5.29 (ddd, J=16.9, 10.6,
3.4 Hz, 1 H), 4.11 (q, J=7.0 Hz, 2 H), 2.59–2.47 (m, 2 H), 2.38 (dt, J=
12.9, 4.0 Hz, 1 H), 2.33–2.17 (m, 2 H), 2.04–1.92 (m, 1 H), 1.36 (dddd,
J=12.6, 8.7, 5.4, 3.2 Hz, 1 H), 1.25 (t, J=7.1 Hz, 3 H), 1.25–1.15 (m,
1 H), 1.04 (t, J=5.2 Hz, 1 H), 1.03–0.91 (m, 1 H), 0.83–0.71 (m, 1 H).
rac-Ethyl (1R,4E,4P,8S,9s)-bicyclo[6.1.0]
non-4-ene-9-carboxylate ((E)-6)
The isomerization of compound (Z)-6 (1.00 g, 5.15 mmol), described
in the general procedure with an irradiation time of 20 min,
afforded compound (E)-6 (1.10 g, 5.67 mmol, 79%) in 24 h with
addition of substrate (1.40 g, 7.22 mmol). 1H NMR [400 MHz, d
(ppm), CDCl3]: 5.75 (ddd, J=16.8, 9.3, 6.1 Hz, 1 H), 5.24 (dddd, J=
16.8, 10.4, 3.9, 1.2 Hz, 1 H), 4.04 (q, J=7.1, 0.7 Hz, 2 H), 2.38–2.23
(m, 2 H), 2.00–1.82 (m, 4 H), 1.76 (t, J=9.0 Hz, 1 H), 1.73–1.61 (m,
1 H), 1.51–1.37 (m, 1 H), 1.21 (t, J=7.1 Hz, 3 H), 1.11 (dtd, J=12.4,
8.9, 3.2 Hz, 1 H), 1.00 (dtd, J=11.9, 8.9, 4.8 Hz, 1 H). 13C NMR
[101 MHz, d (ppm), CDCl3]: 172.0, 137.7, 132.3, 59.8, 33.6, 33.0, 27.1,
25.9, 24.4, 23.5, 20.9, 14.4. HRMS [EI+ (m/z)] calcd for C12H18O2=
194.1307, found for [M+
*
]=194.1308 (jD j =0.43 ppm).
rac-(1R,4E,4P)-Cyclooct-4-en-1-yl acetate ((E)-7a) and
rac-(1R,4E,4M)-cyclooct-4-en-1-yl acetate ((E)-7b)
The isomerization of compound (Z)-7 (994 mg, 5.91 mmol), as
described in the general procedure with an irradiation time of
20 min, afforded a 7 :4 mixture of diastereoisomers (E)-7a/(E)-7b
(750 mg, 4.46 mmol, 75%) in 23 h without addition of substrate. 1H
NMR [500 MHz, d (ppm), CDCl3]: 5.64–5.44 (m, 3.2 H; 2 H (E)-7a+
2 H (E)-7b), 4.98 (dd, J=10.5, 5.2 Hz, 1 H (E)-7b), 4.45–4.38 (m, 1 H;
(E)-7a), 2.41–2.21 (m, 5.4 H; 3 H (E)-7a+4 H (E)-7b), 2.14–2.08 (m,
0.6 H; 1 H (E)-7b), 2.09 (s, 1.8 H; 3 H (E)-7b), 1.97 (s, 3 H; (E)-7a),
1.99–1.88 (m, 4 H; (E)-7a), 1.88–1.71 (m, 3.8 H; 2 H (E)-7a+3 H (E)-
7b), 1.56 (dddd, J=15.6, 11.9, 5.9, 1.3, 1 H; (E)-7a), 1.49–1.39 (m,
0.6 H; 1 H (E)-7b), 1.21 (ddt, J=14.6, 12.2, 1.2 Hz, 0.6 H; 1 H (E)-7b).
13C NMR [126 MHz, d (ppm), CDCl3]: 170.3, 170.2, 135.3, 134.9,
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133.1, 131.7, 80.1, 70.0, 41.0, 40.8, 38.7, 34.33, 34.31, 32.6, 32.3, 31.0,
30.0, 28.2, 21.5, 21.1. HRMS [EI+ (m/z)] calcd for C10H16O2=
168.1150, found for [M+
*
]=168.1168 (jD j =10.6 ppm).
General Procedure for the Photochemical Isomerization in
the Larger-Scale Photoreactor
The tubing of the photoreactor (total volume: 140 mL, irradiated
volume: 105 mL) was filled with a solution of the substrate
(15.5 mmol) and methyl benzoate (422 mg, 388 mL, 3.1 mmol,
0.2 equiv) in deoxygenated heptane (100 mL) after rinsing it with
deoxygenated heptane. A solution of silver nitrate (11.89 g,
70 mmol, 4.5 equiv) in a 0.1 mM nitric acid solution in water
(140 mL) was added to deoxygenated heptane (30 mL) in the
100 mL extraction module. The inlet tube of the pump was placed
at the top of the organic phase; the outlet tube of the reactor was
placed just above the stirring magnet in the aqueous phase.
The organic phase was pumped through the entire system for
about five cycles without irradiation while argon was bubbled
through the extraction module. The irradiation was done at a
wavelength of 254 nm and the irradiation time was set to either 5
(flow rate: 20 mL/min) or 20 min (flow rate: 5 mL/min). A syringe
pump added pure substrate to the system after the irradiation and
before entering the extraction module to maintain the concen-
tration of the substrate in the organic phase. The addition rate was
determined by the estimated E-CO generation: YE-CO (mg/min) with
equation (1). The photoreactor ran between 1 and 5.5 h for several
experiments.
rac-Ethyl (1R,4E,4P,8S,9 r)-bicyclo[6.1.0]
non-4-ene-9-carboxylate ((E)-5)
Procedure 1: The isomerization of compound (Z)-5 (4.60 g,
23.7 mmol), as described in the general procedure with an
irradiation time of 20 min, afforded compound (E)-5 (3.40 g,
29.6 mmol, 74%) in 17 h without addition of substrate.
Procedure 2: The isomerization of compound (Z)-5 (3.00 g,
15.4 mmol), as described in the general procedure with an
irradiation time of 20 min, afforded compound (E)-5 (5.75 g,
29.6 mmol, 93%) in 5.5 h with addition of substrate (6.20 g,
31.9 mmol).
rac-Ethyl (1R,4E,4P,8S,9s)-bicyclo[6.1.0]non-4-ene-9-carboxylate
((E)-6): The isomerization of compound (Z)-6 (3.00 g, 15.4 mmol),
described in the general procedure with an irradiation time of
5 min, afforded compound (E)-6 (3.36 g, 17.3 mmol, 66%) in 1 h
with addition of substrate (3.40 g, 17.2 mmol).
rac-(1R,4E,4P)-Cyclooct-4-en-1-yl acetate ((E)-7a) and
rac-(1R,4E,4M)-cyclooct-4-en-1-yl acetate ((E)-7b)
Procedure 1: The isomerization of compound (Z)-7 (4.70 g,
27.9 mmol), as described in the general procedure with an
irradiation time of 20 min, afforded a 7 :4 mixture of diastereoisom-
ers (E)-7a/(E)-7b (3.47 g, 20.6 mmol, 74%) in 17 h without addition
of substrate.
Procedure 2: The isomerization of compound (Z)-7 (5.00 g,
29.7 mmol), as described in the general procedure with an
irradiation time of 20 min, afforded a 7 :4 mixture of diastereoisom-
ers (E)-7a/(E)-7b (4.90 g, 29.1 mmol, 57%) in 5.5 h with addition of
substrate (8.60 g, 51.1 mmol).
Procedure 3: The isomerization of compound (Z)-7 (3.00 g,
17.8 mmol), as described in the general procedure with an
irradiation time of 20 min, afforded a 7 :4 mixture of diastereoisom-
ers (E)-7a/(E)-7b (2.06 g, 12.2 mmol, 73%) in 1 h with addition of
substrate (2.80 g, 16.6 mmol).
rac-(1R,4E,4P)-Cyclooct-4-en-1-ol ((E)-2a) and
rac-(1R,4E,4 M)-cyclooct-4-en-1-ol ((E)-2b)
Procedure 1: A solution of 1 M NaOH (26.9 mL) was added to a
solution of the 7 :4 mixture of diastereoisomers (E)-7a/(E)-7b
(452 mg, 2.69 mmol) in 1,4-dioxane (9 mL) .The resulting mixture
was stirred at 21 8C for 17 h. 1,4-Dioxane was then evaporated and
the water phase was extracted with CH2Cl2 (39 mL). The
combined organic extracts were then washed with brine, dried
(Na2SO4), filtered and concentrated in vacuo to yield a 7 :4 mixture
of diastereoisomers (E)-2a/(E)-2b (298 mg, 2.36 mmol, 88%). 1H
NMR [400 MHz, d (ppm), CDCl3]: 5.61–5.47 (m, 2.2 H; 1 H (E)-2a+
2 H (E)-2b), 5.35 (ddd, J=15.8, 10.9, 3.6 Hz, 1 H; (E)-2a), 4.00 (dd,
J=10.3, 5.3 Hz, 0.6 H; 1 H (E)-2b), 3.44–3.76 (m, 1 H; (E)-2a), 2.40–
2.14 (m, 4.8 H; 3 H (E)-2a+3 H (E)-2b), 2.13–2.00 (m, 1.2 H; 2 H (E)-
2b), 2.00–1.71 (m, 6.4 H; 4 H (E)-2a+4 H (E)-2b), 1.68–1.46 (m,
3.6 H; 3 H (E)-2a+1 H (E)-2b), 1.28–1.18 (m, 0.6 H; 1 H (E)-2b). 13C
NMR [101 MHz, d (ppm), CDCl3]: 135.1, 134.4, 133.0, 132.8, 77.7,
67.4, 44.6, 43.1, 41.1, 34.4, 34.2, 34.1, 32.7, 31.3, 29.4, 27.7. Both 1H
and 13C NMR data were in accordance with published data.11c
Procedure 2: A solution of the mixture of diastereoisomers (E)-7a/
(E)-7b (500 mg, 2.97 mmol) in Et2O (16 mL) was added dropwise to
a suspension of LiAlH4 (102 mg, 2.67 mmol) in Et2O (16 mL) at 0 8C
under an argon atmosphere. This suspension was then stirred at
21 8C for 15 min, then cooled to 0 8C, and water was added carefully
until the grey solid had turned white. Sodium sulfate was added;
the solid was filtered off and washed thoroughly with Et2O. The
filtrate was concentrated in vacuo to afford a diastereomeric
mixture of (E)-2a/(E)-2b (313 mg, 2.48 mmol, 84%).
{(1R,4E,4P,8S,9s)-Bicyclo[6.1.0]non-4-en-9-yl}methanol ((E)-3)
A solution of (E)-6 (1.10 g, 5.66 mmol) in Et2O (30 mL) was added
dropwise to a suspension of LiAlH4 (193 mg, 5.10 mmol) in Et2O
(30 mL) at 0 8C under an argon atmosphere. This suspension was
then stirred at 21 8C for 30 min, then cooled to 0 8C, and water was
added carefully until the grey solid had turned white. Sodium
sulfate was added; the solid was filtered off and washed thoroughly
with Et2O. The filtrate was concentrated in vacuo to afford (E)-3
(701 mg, 4.60 mmol, 81%). 1H NMR [400 MHz, d (ppm), CDCl3]: 5.87
(ddd, J=16.1, 9.3, 6.2 Hz, 1 H), 5.15 (dddd, J=16.9, 10.5, 3.9, 1.1 Hz,
1 H), 3.57 (dd, J=11.3, 7.8 Hz, 1 H), 3.54 (dd, J=11.3, 7.9 Hz, 1 H),
2.33 (dtd, J=11.5, 3.9, 2.5 Hz, 1 H), 2.30–2.22 (m, 1 H), 2.19 (dtd, J=
14.0, 3.9, 2.4 Hz, 1 H), 2.11 (dddd, J=12.6, 4.9, 3.0, 0.8 Hz, 1 H),
2.00–1.84 (m, 2 H), 1.33–1.18 (m, 1 H), 1.04 (tdd, J=12.7, 11.1,
7.1 Hz, 1 H), 0.83–0.68 (m, 2 H), 0.59 (dtd, J=12.9, 8.7, 4.4 Hz, 1 H).
The 1H NMR data were in accordance with published data.[29]
{(1R,4E,4P,8S,9r)-Bicyclo[6.1.0]non-4-en-9-yl}methanol ((E)-8)
A solution of (E)-5 (971 mg, 5.00 mmol) in Et2O (30 mL) was added
dropwise to a suspension of LiAlH4 (193 mg, 5.10 mmol) in Et2O
(30 mL) at 0 8C under an argon atmosphere. This suspension was
then stirred at 21 8C for 15 min, then cooled to 0 8C, and water was
added carefully until the grey solid had turned white. Sodium
sulfate was added; the solid was filtered off and washed thoroughly
with Et2O. The filtrate was concentrated in vacuo to afford (E)-8
(631 mg, 4.14 mmol, 83%). 1H NMR [400 MHz, d (ppm), CDCl3]: 5.87
(ddd, J=16.1, 9.3, 6.2 Hz, 1 H), 5.15 (dddd, J=16.9, 10.5, 3.9, 1.1 Hz,
1 H), 3.57–3.46 (m, 2 H), 2.43–2.33 (m, 1 H), 2.33–2.16 (m, 3 H), 2.00–
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1.85 (m, 2 H), 0.87 (tdd, J=12.6, 11.4, 7.1 Hz, 1 H), 0.59 (dddd, J=
13.8, 12.4, 11.3, 2.2 Hz, 1 H), 0.54–0.31 (m, 3 H). The 1H NMR data
were in accordance with published data.[3b]
Conflict of Interest
The authors declare no conflict of interest.
Keywords: bioorthogonal chemistry · continuous extraction ·
continuous flow · photoisomerization · trans-cyclooctenes
[1] We encourage using the stereodescriptors E/Z for cyclooctenes instead
of the less accurate cis/trans; therefore, TCOs are better named E-COs
and CCOs Z-COs.
[2] D. L. Boger, Chem. Rev. 1986, 86, 781–793.
[3] a) A. Darko, S. Wallace, O. Dmitrenko, M. M. Machovina, R. A. Mehl, J. W.
Chin, J. M. Fox, Chem. Sci. 2014, 5, 3770–3776; b) M. T. Taylor, M. L.
Blackman, O. Dmitrenko, J. M. Fox, J. Am. Chem. Soc. 2011, 133, 9646–
9649; c) M. L. Blackman, M. Royzen, J. M. Fox, J. Am. Chem. Soc. 2008,
130, 13518–13519; d) F. Thalhammer, U. Wallfahrer, J. Sauer, Tetrahedron
Lett. 1990, 31, 6851–6854.
[4] C. S. McKay, M. G. Finn, Chem. Biol. 2014, 21, 1075–1101.
[5] a) A. Vzquez, R. Dzijak, M. Dracˇnsky´, R. Rampmaier, S. J. Siegl, M.
Vrabel, Angew. Chem. Int. Ed. 2017, 56, 1334–1337; b) I. Nikic´, J. H. Kang,
G. E. Girona, I. V. Aramburu, E. A. Lemke, Nat. Protocols 2015, 10, 780–
791; c) K. Lang, J. W. Chin, Chem. Rev. 2014, 114, 4764–4806; d) T. Plass,
S. Milles, C. Koehler, J. Szyman´ski, R. Mueller, M. Wießler, C. Schultz, E. A.
Lemke, Angew. Chem. Int. Ed. 2012, 51, 4166–4170.
[6] a) A. Rondon, N. Ty, J.-B. Bequignat, M. Quintana, A. Briat, T. Witkowski,
B. Bouchon, C. Boucheix, E. Miot-Noirault, J.-P. Pouget, J.-M. Chezal, I.
Navarro-Teulon, E. Moreau, F. Degoul, Sci. Rep. 2017, 7, 14918; b) E. M. F.
Billaud, E. Shahbazali, M. Ahamed, F. Cleeren, T. Nol, M. Koole, A.
Verbruggen, V. Hessel, G. Bormans, Chem. Sci. 2017, 8, 1251–1258; c) J.-
P. Meyer, J. L. Houghton, P. Kozlowski, D. Abdel-Atti, T. Reiner, N. V. K.
Pillarsetty, W. W. Scholz, B. M. Zeglis, J. S. Lewis, Bioconjugate Chem.
2016, 27, 298–301; d) P. Adumeau, K. E. Carnazza, C. Brand, S. D. Carlin,
T. Reiner, B. J. Agnew, J. S. Lewis, B. M. Zeglis, Theranostics 2016, 6,
2267–2277; e) F. C. J. van de Watering, M. Rijpkema, M. Robillard,
W. J. G. Oyen, O. C. Boerman, Front. Med. 2014, 1, 44; f) R. Rossin, S. M. J.
Duijnhoven, T. Lppchen, S. M. van den Bosch, M. S. Robillard, Mol.
Pharm. 2014, 11, 3090–3096; g) B. M. Zeglis, K. K. Sevak, T. Reiner, P.
Mohindra, S. D. Carlin, P. Zanzonico, R. Weissleder, J. S. Lewis, J. Nucl.
Med. 2013, 54, 1389–1396; h) R. Selvaraj, S. Liu, M. Hassink, C.-w. Huang,
L.-p. Yap, R. Park, J. M. Fox, Z. Li, P. S. Conti, Bioorg. Med. Chem. Lett.
2011, 21, 5011–5014; i) R. Rossin, P. R. Verkerk, S. M. van den Bosch,
R. C. M. Vulders, I. Verel, J. Jub, M. S. Robillard, Angew. Chem. Int. Ed.
2010, 49, 3375–3378; j) N. K. Devaraj, R. Upadhyay, J. B. Haun, S. A.
Hilderbrand, R. Weissleder, Angew. Chem. Int. Ed. 2009, 48, 7013–7016.
[7] a) S. Hapuarachchige, Y. Kato, D. Artemov, Sci. Rep. 2016, 6, 24298;
b) M. S. Robillard, W. ten Hoeve, R. M. Versteegen, R. Rossin, F. J. M.
Hoeben. Bio-Orthogonal Drug Activation. WO 2012/156920, Nov 22,
2012.
[8] a) J. C. T. Carlson, H. Mikula, R. Weissleder, J. Am. Chem. Soc. 2018, 140,
3603–3612; b) A. K. Steiger, Y. Yang, M. Royzen, M. D. Pluth, Chem.
Commun. 2017, 53, 1378–1380; c) R. Rossin, S. M. J. van Duijnhoven, W.
ten Hoeve, H. M. Janssen, L. H. J. Kleijn, F. J. M. Hoeben, R. M. Verstee-
gen, M. S. Robillard, Bioconjugate Chem. 2016, 27, 1697–1706; d) R. M.
Versteegen, R. Rossin, W. ten Hoeve, H. M. Janssen, M. S. Robillard,
Angew. Chem. Int. Ed. 2013, 52, 14112–14116.
[9] R. Walker, R. M. Conrad, R. H. Grubbs, Macromolecules 2009, 42, 599–
605.
[10] Methyl benzoate is almost always used as the sensitizer.
[11] a) Ref. [6b]; b) D. Svatunek, C. Denk, V. Rosecker, B. Sohr, C. Hametner, G.
Allmaier, J. Frçhlich, H. Mikula, Monatsh. Chem. 2016, 147, 579–585;
c) M. Royzen, G. P. Yap, J. M. Fox, J. Am. Chem. Soc. 2008, 130, 3760–
3761; d) H. Tsuneishi, T. Hakushi, Y. Inoue, J. Chem. Soc., Perkin Trans. 2
1996, 1601–1605; e) Y. Inoue, Y. Kunitomi, S. Takamuku, H. Sakurai, J.
Chem. Soc., Chem. Commun. 1978, 1024–1025; f) J. S. Swenton, J. Org.
Chem. 1969, 34, 3217–3218.
[12] We recommend representing E-COs with these types of structures. Not
only is this representation the easiest to draw, but it also captures
faithfully the actual structure of the distorted double bond (see ref. 11c
for X-ray crystal structures of E-COs and the Supporting Information for
clarification of the selection of this structure and how to assign the
configuration of its chiral plane).
[13] a) D. Blanco-Ania, S. A. Gawade, L. J. L. Zwinkels, L. Maartense, M. G.
Bolster, J. C. J. Benningshof, F. P. J. T. Rutjes, Org. Process Res. Dev. 2016,
20, 409–413; b) For applications of continuous-flow photochemistry in
organic synthesis, see: D. Cambi, C. Bottecchia, N. J. W. Straathof, V.
Hessel, T. Nol, Chem. Rev. 2016, 116, 10276–10341.
[14] The photoreactor was made from a commercially available modified
OSAGA RVS UVC pond filter with a Philips PL-L 55 W UV lamp (l=
254 nm).
[15] Fluorinated ethylene propylene tubing (i.d. 2.7 mm, irradiated volume
105 mL).
[16] V. Romanov, C.-K. Siu, U. H. Verkerk, H. E. Aribi, A. C. Hopkinson, K. W. M.
Siu, J. Phys. Chem. A 2008, 112, 10912–10920.
[17] The actual nature of this foam was unknown.
[18] I. Rencken, J. C. A. Boeyens, S. W. Orchard, J. Crystallogr. Spectrosc. Res.
1988, 18, 293–306.
[19] In a separate experiment, pure (E)-5 was added dropwise to the same
solvent mixture as the one in the photoreactor (aqueous AgNO3/
heptane) until a white foamy precipitate formed at the interphase.
[20] a) List of products for click chemistry of Broafpharm https://www.
broadpharm.com/web/products.php?category1=Click+Chemistry (ac-
cessed May 7, 2018; b) Link of (E)-cyclooct-4-enol and derivatives of
Sigma-Aldrich https://www.sigmaaldrich.com/catalog/product/aldrich/
764396?lang=en (accessed May 7, 2018).
[21] H. Rouillard, E. Deau, L. Domon, J.-R. Chrouvrier, M. Graber, V. Thiry,
Molecules 2014, 19, 9215–9227.
[22] K. J. Arrington, C. B. Murray, E. C. Smith, H. Marand, J. B. Matson,
Macromolecules 2016, 49, 3655–3662.
[23] J. Dommerholt, S. Schmidt, R. Temming, L. J. A. Hendriks, F. P. J. T. Rutjes,
J. C. M. van Hest, D. J. Lefeber, P. Friedl, F. L. van Delft, Angew. Chem. Int
Ed. 2010, 49, 9422–9425.
[24] E. V. Dehmlow, O. Plueckebaum, J. Chem. Res, Miniprint 2001, 4, 451–
463.
[25] O. R. Cromwell, J. Chung, Z. Guan, J. Am. Chem. Soc. 2015, 137, 6492–
6495.
[26] A. Takahashi, M. Aso, M. Tanaka, H. Suemune, Tetrahedron 2000, 56,
1999–2006.
[27] K. Zhang, M. A. Lackey, J. Cui, G. N. Tew, J. Am. Chem. Soc. 2011, 133,
4140–4148.
[28] J. Marjanovic, A. Baranczak, V. Marin, H. Stockmann, P. L. Richardson, A.
Vasudevan, Med. Chem. Commun. 2017, 8, 789–795.
[29] J. Fox, Z. Li, Y. Liu, M. T. Taylor, D. Svatunek, K. Rohlfing, M. Wang, Z. Wu,
R. Vannam. Conformationally Strained trans-Cycloalkenes for Radio-
labeling. WO 2017/106253, June 22, 2017.
Manuscript received: June 7, 2018
Accepted Article published: June 11, 2018
Version of record online: July 3, 2018
905ChemPhotoChem 2018, 2, 898–905 www.chemphotochem.org  2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
Articles
Wiley VCH Montag, 01.10.2018
1810 / 114831 [S. 905/905] 1
